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Abstract
Carbohydrates are known to play a large number of significant roles in
various biological and pathological processes such as cancer metastasis and
cellular communication. This is because of their ability to bind a wide range of
biological receptors such as proteins and viruses.

Due to these important

interactions, carbohydrate sensing has long been a main focus of research.
These research strategies have included the use of aptamers, non-covalent
interactions, and boronic acid-based receptors. Boronic acid-based sensors are
of particular interest due to their selectivity for 1,2- or 1,3-diols. Within these
boronic acid-based studies, a large variety of techniques were employed for
detection including different fluorescent, electrochemical, polymeric, and
colorimetric studies, as well as various surface bound sensors. One type of
technique that has rarely been applied is Surface Enhanced Raman
Spectroscopy or SERS.

This strategy would be beneficial as it provides

information about functional groups, which would aid in the identification of the
bound sugar. In this thesis, we present work based on the development of a
boronic acid-based carbohydrate receptor that will be used to study carbohydrate
binding through SERS. The receptor design includes an aryl boronic acid for
carbohydrate recognition, a nitrogen atom in close proximity to the boron center
to enhance binding, and a terminal thiol for attachment to a metal surface for
SERS. This sensor will be used to study the binding of different saccharides for
sensing applications.
iii
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Chapter 1:
Background and Significance of Boronic AcidBased Carbohydrate Sensors
Importance of Saccharides in Biological Processes
Carbohydrates, or saccharides, make up the majority of biomolecules in
the human body.

These biomolecules are categorized into four different

chemical groupings, the simplest form being a monosaccharide, consisting of a
single sugar molecule. These “simple sugars” can be anywhere from 3 to 7
carbons in length, contain either a ketone or aldehyde functional group, and have
hydroxyl groups on most or all of

the non-carbonyl carbon atoms.

Monosaccharides can exist as either open carbon chains or in a cyclic ring
structure, and some examples of structures of monosaccharides are shown in
Figure 1.1A. Even though monosaccharides have a relatively simple structure,
their biological activity is of great importance. For example, the breakdown of Dglucose during various transport pathways in humans has been correlated with
several diseases, including cystic fibrosis,1 diabetes,2 and cancer.3 When two
individual sugars are linked together, they form a disaccharide, whose physical
characteristics often do not differ too significantly from simple sugars. There are
two basic types of disaccharides, reducing and non-reducing.

Reducing

disaccharides are two monosaccharides linked via the anomeric center of one
glycosyl unit to a hydroxyl group of another sugar, while non-reducing
1
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Figure 1.1 – Physical Structures of various mono-, di-, and oligosaccharides and of different
glycosides
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disaccharides

are

linked

at

both

the

anomeric

posistions

of

two

monosaccharides. Examples of both types of structures are shown in Figure
1.1B. Due to this linkage, non-reducing sugars do not have the capability to
expand past their two monosaccharide length.

Reducing disaccharides,

however, are capable of a reaction at the ring anomeric center to expand to
larger chains of sugars, such as oligosaccharides, which are typically three to ten
sugars in length. The structure of a three-sugar oligosaccharide, raffiniose, a
sugar found in many vegetables, is shown in Figure 1.1C. While not the largest
of the saccharides, certain types of oligosaccharides do show health-related
effects,4 while others are being researched as a carbohydrate-based cancer
vaccines.5

When

numerous

carbohydrate

moieties

are

attached,

polysaccharides are formed that have multiple functions throughout the body.
Polysaccharides can be used for energy storage in the form of glycogen and
starches, or as a structural component in the form of cellulose. They can also
combine with proteins or lipids to form other biological molecules called
glycolipids (carbohydrates attached to lipids) or glycoproteins (carbohydrates
attached to proteins) through glycosylation.

Such structures compose the

glycocalyx that coats the cell surfaces of organisms.
These various types of saccharides are known to play key roles in a large
number of biological and pathophysiological processes. These roles represent
some of the most prominent active areas of research in biochemistry, including
cellular communication, cell signaling, cancer metastasis, and fertilization.
3

However, the biological function of sugars exceeds far past strictly sugar-tosugar linkages. In glycosides, the anomeric hydroxyl group is replaced with a
non-carbohydrate moiety via an O- (O-glycoside), N- (glycosylamine), S(thioglycoside), or C- (C-glycoside) glycosidic bond; examples of each are shown
in Figure 1.1D.
Carbohydrates and glycosides also play important roles in key recognition
events with a host of different biological receptors, such as toxins, antigens,
viruses, enzymes, bacteria, lectins, hormones, and various proteins or lipids.
Some of these binding interactions lead to the entry of infectious agents into
cells. Glycoproteins are of particular interest due to their known upregulation in
various forms of disease. Some glycoproteins have even been designated as
tumor-associated glycoproteins or TAGs. For example, TAG-12, TAG-72, and
TAG-72.3 have been used as markers for breast, gastric and lung cancer,
respectively.6

The glycoproteins GP120 and GP41 are embedded in the viral

envelope of HIV and enable the virus to attach and fuse itself with target cells,
making them an important target in HIV vaccine research.7 Lectins are also an
important research topic, they are carbohydrate-specific binding domains that
have important biological roles in both plants and animals.8 For example,
galectins are a family of lectins that have been strongly implicated in both
inflammation and cancer.

Galectin-1 and Galectin-9 are both β-galactoside

binding lectins that have been shown as biomarkers for colon cancer,9 as well as
factors for the metastasis of breast cancer.10 As a result of these prominent
4

biological roles, saccharides lie at the core of a wide body of research whose
goal is to better understand the role and function of various saccharides at the
cellular and molecular levels.

Different Types of Receptors and Sensors for Saccharide Binding
In recent years, there has been great interest in the development in
various molecules that are efficient in carbohydrate recognition due to their utility
as research tools, especially in biomedical applications.

As interest has

increased, there have been many different approaches pursued for the design of
carbohydrate sensors, as shown in Figures 1.2–1.4. In 2006, Tuñón-Blanco and
co-workers introduced a 2’-O-methylated RNA aptamer sensor for the detection
of neomycin B (Figure 1.2),11 an aminoglycoside antibiotic that selectively targets
RNA structural motifs and is also found in many topical medications. In this
work, a linker is immobilized onto a gold surface, followed by attachment of
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Figure 1.2 – Paulino and co-worker’s aptamer-based assay for the detection
of neomycin B.
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neomycin B to the linker. A previously discovered neomycin B binding RNA
aptamer12 is then added, and binds to the neomycin B immobilized on the
surface. Once the aptamer binds the neomycin, a solution of free neomycin B is
added and the dissociation of the bound aptamer is measured. Their results
showed that a 1:1 aptamer–neomycin complex was observed under physiological
pH. However, aptamer-based systems do not study the binding of a glycoside to
a sensor, just the dissociation of an already present amount of the glycoside that
is covered by an individual aptamer. Also, while they do show selectivity towards
one sugar molecule, an ideal system would have the capability to be selective to
multiple saccharides.
The Mazik lab has used a different strategy that employs binding sugars
through non-covalent interactions with various guests.

To do so, they

incorporated crown ethers onto a triethylbenzene scaffolds to produce sensors
that non-covalently bound both α- and β-linked glucose (Figure 1.3) via hydrogen
bonding between the hydroxyls of the saccharides’ and the amino and carboxyl
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Figure 1.3 – Mazik and co-worker’s non-covalent bonding based sensors for
detecting carbohydrate binding
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Figure 1.4 – An example of metal chelator-based carbohydrate sensors

groups of the crown ethers.13 Their work yielded binding constants of 5.8 x 105
M-1 and 1.4 x 104 M-1 for the compound without carboxyls with respect to either a
1:1 complex or a 2:1 complex.

The compound with carboxyls gave binding

constants of 1.1 x 104 M-1 and 4.8 x 104 M-1. This data was collected through 1H
NMR titration experiments using deuterated chloroform as the solvent. While the
results did show a ten-fold increase in affinity over their previous works,14 it would
be ideal if the saccharide would bind to the sensor covalently to provide
enhanced binding. Also, it would be interesting to see if the observed selectivity
still exists in an aqueous solution.
Another type of carbohydrate recognition is through the use of metal
chelator-based sensors developed by the Striegler lab.15

In this work, they

devised a copper(II) complex based compound (Figure 1.4) that showed good
discrimination of different carbohydrates based on different binding complexes.
However, the tests were found to be only functional at a high pH value, which
places a severe limit on its potential applications, and since the sugars were not
covalently bound to the sensor, an ideal binding constant was not obtained.
7

The most common carbohydrate recognition sensors, however, have been
the boronic acid-based receptors, or boronolectins.16 This is due to the fact that
boronic acids covalently react with 1,2- or 1,3-diols to form stable and reversible
five- or six- membered cyclic esters, as shown in Figure 1.5. However, there are
various binding affinities when it comes to individual boronic acid and diol
moieties. This becomes a very important issue when designing carbohydrate
receptors based on boronic acids. The binding of the diol to the boronic acid can
be looked at in two ways: either with the diol binding to the sp2 hybridized boronic
acid, or to the sp3 hybridized boronate, as shown in Figure 1.6. In more basic
solutions (compared to a neutral solution) the tetrahedral boronate exists to a
greater extent, which more rapidly forms the cyclic ester by a factor of 106.17
There are also several factors that affect the diol’s affinity towards the boronic
acid. Low pKa values, small O––C––C––O dihedral angles and restricted
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rotations around the C––C bond of the diol are all believed to enhance binding,18
and the preferred pH for binding often corresponds to the pKa values of the
boronic acid and the diol. Upon binding of a saccharide or of a diol, the formation
of the cyclic boronate ester lowers the pKa of the boronic acid due to the
shortening of the bond angles upon formation. The starting boronic acid has a
bond angle of 120°, but upon binding of the diol, the cyclic esters bond angle is
reduced to 108°.
In order to develop a practical boronic acid-based carbohydrate sensor, it
is ideal to achieve detection at neutral pH. However, as described above, cyclic
ester formation occurs more readily in solutions of high pH. Thus, a strategic
design must be employed to lower the pKa of the boronic acid. Phenylboronic
acids have been widely used as carbohydrate receptors due to their stability and
9
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Figure 1.7 – Illistration of the introduction of a nitrogen atom close to the boronic acid
causing the formation of a tetrahedral boronate, followed by binding with a diol

accessibility. Since the pKa of phenylboronic acid is reported as 8.8,19 it requires
basic conditions to form strong complexes.

However, as stated previously,

saccharide binding at neutral pH is essential, so the pKa must be lowered, and
the tetrahedral boronate must be formed another way.

This has been

successfully accomplished in a variety of ways. The first approach, and the one
used in the design of the molecules used for studies in this thesis, was pioneered
by Wulff, and involves the addition of an amine five atoms away from the boron.20
It is believed that the lone pair of the nitrogen atom donates into the boron,
causing formation of the tetrahedral boronate via a stable five-membered ring,
even at neutral pH, as shown in Figure 1.7. The bond energy of this B–N Lewis
acid––Lewis base interaction has been calculated as 13 kJ mol–1,21 and has
become a vital tool in the development of many sensing applications using
boronic acids. If the interaction were weaker, the nitrogen would not compete
with the external bases in solution, and the necessary tetrahedral boronate would
not form. Conversely, if the interaction were too strong, diol binding would not
interrupt the B–N interaction, and no change would occur.21 Hageman and co10

workers showed that a tetrahedral boronate can also be enhanced by
incorporating electron-withdrawing groups onto the phenylboronic acid.22 Their
compound, 4-carboxy-3-nitrophenylboronic acid, was found to have a pKa of 7.0.
Since addition of the nitrogen atoms lone pair into the boron brings the pKa of the
tetrahedral boronate to 5.3, the method found by Wulff is still favored for
saccharide binding.

Types of Boronic-Based Carbohydrate Sensors
There are two components that are necessary for the design and
development of any sensor: a selective binding site and a signal transduction
event for detecting the binding interaction. These aspects have been achieved in
multiple ways to study the binding of saccharides to boronic acids. One of the
most common techniques seen is through the use of fluorescent sensors.
Fluorescent studies are beneficial due to their inherent sensitivity and their
requirement for minimal amounts of sensors. In 1994, James and co-workers
designed the first fluorescent photoinduced electron transfer (PET) saccharide
sensor, which exploited the research of Wulff by including a neighboring amine to
facilitate saccharide binding at neutral pH.23

The amine was also found to

regulate the emission properties of the fluorophore. When the amine is free prior
to saccharide binding, it quenches the fluorescence of the anthracene and the
sensor is in the “off” setting. When the saccharide binds to the sensor, as shown
in Figure 1.8, the nitrogen donates its lone pair to the boron and is no longer able
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Figure 1.8 – An example of a PET derivatized boronic acid–based receptor

to quench the anthracene.

Thus fluorescence is turned on and binding is

detected. PET is just one of the fluorescent studies used to measure this event.
ICT24 and FRET25 have also been applied.
Colorimetric-based carbohydrate sensors have also been developed in
recent years. Upon binding of the saccharide, the boronic acid receptor yields a
large color change, one that could be visibly observed. For example, James and
co-workers prepared a diazo dye system that showed a large color change from
purple to red upon carbohydrate binding, as shown in Figure 1.9.26

The

mechanism for this interaction is somewhat different than the aforementioned
studies. At pH 11.32, the free boronic acid receptor is purple, but in the presence
of a saccharide, the B–N interaction becomes stronger, as seen previously. The
increased B–N interaction causes the acidification of the N–H proton. Due to the
high pH, the complex dehydrates, and the compound turns to red with a covalent
B–N bond.

The change from purple to red is reported as being visible in

aqueous solution upon the addition of monosaccharides.
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Another way of studying this binding event is through the use of
electrochemical sensors. Electrochemical detection of saccharides by enzymatic
degradation is the basis of most current commercial D-glucose biosensors.27
However, the goal of many boronic acid-based carbohydrate sensors is to
provide selectivity for a wide range of saccharides, not just simple
monosaccharides. Other approaches of binding studies include assay systems,28
polymer-based sensors,29 as well as some surface bound sensors like Surface
Plasmon Resonance (SPR),30 Faradaic Impedance Spectroscopy,31 and Quartz
Cyrstal Microbalance.32
One method that has been rarely utilized to study saccharide–boronic acid
binding is through the technique of Surface Enhanced Raman Spectroscopy
(SERS).

While some groups have used this technique to study saccharide

binding,33 they never took advantage of the necessary B–N interaction to ensure
a tight, adhesive interaction. Also, previously reported studies only strived to see
if monosaccharides would bind to the phenylboronic acid, not if di- or
trisaccharides would bind as well. As a result, we set out to develop a boronic
13

acid–based carbohydrate sensor that takes advantage of the important B–N
interaction, and upon binding of various saccharides, is capable of analysis via
SERS.

Detection through SERS
Using SERS (Surface Enhanced Raman Spectroscopy) to study molecular
recognition has multiple advantages. Due to its ability to enhance a Raman
signal by as much as a factor of 1014,34 SERS has the capability to be used
towards numerous sensing applications35 and is even effective for detecting the
resonance Raman scattering of a single molecule.36 The large signal
enhancement is mostly caused by the adsorbing of molecules on various rough
metal surfaces such as gold, silver, or copper. Because of the rough surface, an
electromagnetic wave may excite localized surface plasmons on the metal
surface, resulting in the enhancement of the electromagnetic fields near the
surface and the possibility of a large amplification of Raman scattering.
However, the metal is not the only cause for the enhancement. SERS is also
dependent on the laser excitation wavelength as well as the distance of the
adsorbate from the surface.37 Figure 1.10 shows some of the aspects of SERS
previously discussed as well as a SERS spectrum for benzenethiol.38
SERS has also shown great potential in chemical and biological sensing
applications due to its selectivity and sensitivity.39 This technique involves the
addition of an analyte capable of being anchored to a nanostructured metal

14

Figure 1.10 – Some characteristics of SERS and the SERS spectrum of benzenethiol49

surface, typically via a thiolate group, and then forming self-assembled
monolayers (SAMs). These SAMs help separate the analyte of interest from
other interfering analytes and shorten the distance to the metal surface. Once
the SAMs have been formed, an initial Raman signal can be analyzed and
recorded. Next, various guests can be introduced to the system, at which point
interactions between the analyte and guests may occur. Upon binding of the
guest to the analyte, a different Raman signal can be obtained and analyzed to
show which guest is bound to the surface-bound sensor. An example of this is
shown by Bizzarri and Cannistraro,40 who used a SERS-based approach to
detect a protein at very low concentrations by exploiting a protein–protein
recognition process.

In this work, 4-aminothiophenol (4-ATP) was first
15

immobilized onto a gold surface. Next, the diazonium salt of 4-ATP was obtained
and neutralized to obtain Au–4-ATP–azo as their SERS sensor. The protein
thrombin was then introduced and allowed to react with the diazo aspect of the
sensor, followed by SAM formation.

The entire Au–4-ATP–azo–thrombin

complex was then deposited onto a capture substrate that was previously
incubated with antithrombin III and heparin.

Every interaction, from initial

immobilization of 4-aminothiophenol to the capturing of thrombin by antithrombin
III and heparin, contained a new shift in the Raman spectrum and was able to be
analyzed using SERS.
SERS is of particular interest when studying carbohydrate binding to a
boronic acid due to its ability to provide information about individual functional
groups on a molecule. This is of importance because of the inherently poor
selectivity of boronic acids’ for different sugars. Upon an individual saccharide
binding to a boronic acid, the SERS signal obtained will show the different
functional groups on the bound sugar, which will lead to exact characterization of
which saccharide bound the boronic acid. Being able to determine exactly what
saccharide is binding to a boronic acid-based sensor is a technique that has not
yet been used for carbohydrate recognition.

16

Chapter 2:
Design and Synthesis of a Boronic Acid Sensor to
Study Carbohydrate Binding using SERS
Research Design
In pursuing a boronic acid-based carbohydrate sensor that was effective
for SERS-based analysis of carbohydrate binding, certain characteristics had to
be incorporated. First, our final compound must have a terminal thiol, to allow for
attachment to metal nanoparticles that will be used during SERS studies. In
addition, a boronic acid was included for binding of saccharides.

Next, the

distance between the gold substrate and boronic acid receptor must be optimized
to obtain the largest enhancement of the Raman signal. Finally, we chose to
incorporate an amino moiety to enhance carbohydrate binding at neutral pH, as
previously discussed.
Once products 1a and 1b (Figure 2.2) are synthesized, they will be
examined in collaboration with Dr. Jon Camden at The University of Tennessee–
Knoxville through SERS studies. For the purpose of these studies, Dr. Camden’s
group intends to use a metal island film followed by the addition of a film over the
nanoparticles (FON). Upon the addition of products 1a or 1b, the thiol will bind to
the gold or silver surface and form a self-assembled monolayer (SAM), as
previously discussed in Chapter 1. Upon addition of the various carbohydrates, a

17

Figure 2.1 – A proposed set up for using SERS to study the binding of carbohydrates to boronic
acids.

binding interaction will occur between the boronic acids and carbohydrates and a
new Raman signal should occur for both the boronic acid and carbohydrate
moiety. A scheme showing this proposed set up is shown in Figure 2.1.

Research Synthesis
With these sensor designs in place, multiple synthetic routes were
pursued to obtain compounds 1a and 1b (Figure 2.2) in an efficient manner. The
final synthetic route employed to obtain compound 1a is shown in Figure 2.3. It
begins with the Boc–protection of commercially available 6-amino-1-hexanol to
produce compound 2. The free alcohol in compound 2 was then mesylated with
methanesulfonyl chloride to introduce a leaving group that was subsequently
displaced by potassium thioacetate during a two-step process, yielding
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Figure 2.2 – Target thiol-labeled boronic acid sensors 1a and 1b
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Figure 2.3 – Synthesis of final product 1a
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O
6

S

compound 3. After introduction of the acetal-protected thiol, the amine was then
Boc-deprotected using trifluoroacetic acid to yield the trifluoroacetate–ammonium
salt 4.

The resulting product was then subjected to a reductive amination

reaction with 2-formylphenylboronic acid to give compound 5.

S-acetal

deprotection was then carried out with sodium thiomethoxide, and after sufficient
work-up and purification, yielded final compound 1a.
Initial problems with the synthesis occurred when trying to purify any free
boronic acid compound by normal phase column chromatography through silica
gel. The free boronic acid showed the tendency to stick to the silica gel on the
column, resulting in large amounts of streaking of the product through the column
making it difficult to obtain efficient separation. Even after a change in multiple

OH
B
OH
Br

OH
B
OH
H
O

HO

OH

Toluene
170°
94%

HO

OH

Toluene
170°
94%

O
B

O

O

Br
TFA H2 N

6

6

4

or

X

S

O
B

O

HN
O
B

O
6

S

O
H

O
7

Figure 2.4 – Synthetic procedure of protected boronic acids with a primary amine
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aspects of the column (i.e., solvent system, amount of silica, column size), the
free boronic acid product showed no improvement in purification through a
normal-phase column. This led us to the synthesis shown in Figure 2.4, which
contained a protected boronic acid that would be capable of purification with a
normal-phase column. However, a successful alkylation or reductive amination
reaction with protected boronic acids 6 or 7 and amine 4, as shown in Figure 2.4,
did not occur. It is possible that due to the protection of boronic acids 6 and 7,
introduction of the amine into proximity of the boronic ester meant that the amine
would donate its lone pair as discussed by Wulff20 and cause the acidity of the
amine hydrogen to increase. This acidic hydrogen would then be deprotonated
by excess base in the reaction, leading to multiple problems in reactivity and
purification. To circumvent this problem, we introduced a secondary amine for
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Figure 2.5 - Synthetic procedure of protected boronic acids with a secondary amine

21

the same purpose, as shown in Figure 2.5, with the idea that without the primary
amine’s extra hydrogen, the reaction would proceed as planned. The synthesis
started with the Boc-protection of 6-(methylamino)-1-hexanol, followed by
primary alcohol protection with tert-butyldiphenylsilyl chloride to yield compound
8. With this compound, containing both the protected amine and alcohol, in
hand, the amine was deprotected using trifluoroacetic acid, and upon workup
with 2M sodium hydroxide, gave the free amine 9. However, again both the
alkylation and reductive amination reactions failed with boronic acids 6 and 7,
and a new synthetic strategy needed to be developed.
At that point, we turned to previously published papers41 that used a
palladium-catalyzed coupling reaction to introduce a protected boronic acid to a
compound where the amine was already present, as shown in Figure 2.6.
Synthesis of the aryl halide moiety began with the alkylation of 2-bromobenzyl
bromide with 6-(methylamino)-1-hexanol to give compound 10. From there, the
alcohol was either protected with tert-butyldiphenylsilyl chloride, yielding 11, or
turned directly into the acetal-protected thiol 12, as described previously. The
palladium-catalyzed

coupling

reaction

of

compound

11

or

12

with

bis(pinacolato)diboron (Bpin) was then attempted with varying amounts of the
two reactants, potassium acetate, as well as the palladium catalyst PdCl2(dppf),
as shown in Figure 2.6. None of the combinations seemed to affect the reaction
because all of the subsequent reactions yielded no expected product.
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Figure 2.6 – Synthetic attempts at a palladium-catalyzed coupling reaction to introduce a
protected boronic acid

It was theorized that having the boronic acid already protected hindered
the formation of potential products by not allowing the neighboring amine to
interact correctly with the boron. Thus, we then returned to our initial synthetic
design of having a free boronic acid compound until the neighboring amine could
be introduced.

Through the work of Manpreet Cheema in our lab, it was

determined that reversed-phase column chromatography using C18 columns
with solvent elutions from 100% H2O 0% MeOH to 0% H2O 100% MeOH was
effective for purifying free boronic acid compounds. This type of purification was
employed during the final synthesis shown in Figure 2.3 and yielded the final
product 1a.
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Due to the distance dependence of SERS, a sensor with a shorter carbon
chain needed to be developed as well. The synthetic design for developing final
compound 1b was much easier due to the relatively inexpensive commercial
availability of 2-aminoethanethiol hydrochloride.
aminoethanethiol

is

received,

a

reductive

Once the shipment of 2-

amination

reaction

with

2-

formylphenylboronic acid will be completed (Figure 2.7), and after purification
through a C18 reversed phase column, compound 1b should be obtained..
Due to the low-yielding reductive amination reaction prior to final
deprotection of the S-acetal, compound 1a has only been obtained in extremely
small amounts thus making it difficult to purify and characterize properly. Various
procedures are now being attempted for deprotection of the S-acetal group of
compound 5.

When an adequate amount of compound 1a is successfully

characterized, SERS studies will be performed in collaboration with Dr. Jon
Camden.
To summarize, compound 1a has been designed to study carbohydrate
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Figure 2.7 – Final synthetic procedure for compound 1b
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binding to a boronic acid-based sensor using SERS. SERS will be beneficial
towards this type of study due to its large enhancement of a Raman signal,
making it possible to detect individual functional groups on the bound molecule.
This type of technique can lead to the distinction of individual saccharides
binding to a boronic acid sensor, and has not been exercised as a technique for
saccharide recognition. Now that a synthetic approach has been finalized, the
boronic acid-based sensor can be acquired and characterized properly.
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Experimental
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tert-butyl 6-hydroxyhexylcarbamate (2)

6-Amino-1-Hexanol (1.26 g, 0.011 mol) was dissolved in dichloromethane (20
ml).

After stirring began, di-tert-butyl dicarbonate (2.57 g, 0.012 mol) was

dissolved in dichloromethane (10 mL) and added dropwise to the solution over
45 minutes. The reaction mixture was allowed to stir overnight at rt. The next
day, the solution was poured into a separatory funnel and extracted with
saturated sodium bicarbonate. The organic layer was collected and the aqueous
layer was washed with dichloromethane (2 x 50 mL). The organic layers were
combined and dried with anhydrous magnesium sulfate and filtered. The filtrate
was then concentrated under reduced pressure to afford 2 as a yellow oil (2.2368
g, 96%).

1

H NMR (250 MHz, CDCl3) δ 3.63 (q, J = 11.9, 6.4 Hz, 2H), 3.12 (q, 2H), 1.90 (t,

1H), 1.61 – 1.32 (m, 18H) ppm HRMS [M+ H]+ calcd: 217.1678, found: 217.1696
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S-6-(tert-butoxycarbonylamino)hexyl ethanethioate (3)

To a stirred solution of compound 2 (1.24 g, 5.72 mmol) in dichloromethane (50
mL) was added triethylamine (0.877 mL 6.3 mmol).

The solution was then

allowed to cool to 0 °C and stirred for 15 min. Methanesulfonyl chloride (0.443
mL 5.7 mmol) was then added at 0 °C, and the reaction was stirred for 3 hrs
while warming to rt.

Afterwards, the solvent was removed under reduced

pressure and taken straight to the next step of the reaction. The product from the
previous step was dissolved in N,N-dimethylformamide (45 mL).

Potassium

thioacetate (1.198 g, 0.0104 mol) was then added, causing the solution turn from
clear to brown, and the reaction mixture was refluxed at 100 °C overnight. Next,
the solvent was removed under reduced pressure, and the resulting solid was
extracted with dichloromethane (30 mL) and water (30 mL). After collecting the
organic layer, the aqueous layer was washed with dichloromethane (2 x 30 mL).
The organic layers were combined and dried with anhydrous magnesium sulfate,
filtered, and the solvent was removed. Column chromatography with silica gel
and a gradient solvent system of 20%–30% ethyl acetate/hexanes yielded 3 as a
brown oil (0.939 g, 65%).
1

H NMR (250 MHz, CDCl3) δ 3.11 – 3.09 (m, J = 6.0 Hz, 2H), 2.86 (t, J = 7.2 Hz,

2H), 2.32 (s, 3H), 1.60 – 1.31 (m, 18H) ppm HRMS [M+ H]+ calcd: 275.1555,
found: 275.1583
28

6-(acetylthio)hexan-1-aminium trifluoroacetate (4)

Compound 3 (318.5 mg, 1.156 mmol) was dissolved in dichloromethane (4 mL).
Trifluoroacetic acid (4 mL) was then added dropwise to the stirring solution. The
solution was allowed to stir at rt for 4 hrs while being tracked by thin-layer
chromatography. Once the reaction was complete, the solvent was removed
under reduced pressure, and the resulting trifluoroacetate–ammonium salt was
dried under high vacuum overnight to yield product 4 as a brown oil (317.86 mg,
95%).

1

H NMR (250 MHz, CDCl3) δ 3.09 - 2.91 (m, 2H), 2.83 (t, J = 7.2 Hz, 2H), 2.32 (s,

3H), 1.74 – 1.61 (m, 3H), 1.6 – 1.51 (m, 2H), 1.45 – 1.31 (m, 5H) ppm

29

2-((6-(acetylthio)hexylamino)methyl)phenylboronic acid (5)

To a stirred solution of compound 4 (135 mg, 0.446 mmol) in anhydrous
methanol (9 mL) was added triethylamine (130

μL, 0.932 mmol), and the

solution was stirred for 15 min at 45 °C. After addition of molecular sieves to the
stirring solution, 2–Formylphenylboronic acid (69.9 mg, 0.446 mmol) was added,
and the reaction mixture was heated at 45 °C overnight. The next day, sodium
borohydride was added (45.9 mg, 1.21 mmol), and the reaction mixture was
allowed to continue to stir at 45 °C for the next 12 hrs. The reaction mixture was
then added to a separatory funnel, and the solution was extracted with ethyl
acetate (10 mL) from water (15 mL). After collecting the aqueous layer, the
organic layer was washed twice with water (10 mL). The aqueous layers were
combined, and the solvent was removed under reduced pressure. Reversedphase column chromatography with C18 silica gel and solvent elutions from
100%–0% water/methanol afforded product 5 as a white solid (31.9 mg, 23%).
1

H NMR (250 MHz, CD3OD) δ 7.62 (d, J = 7.4 Hz, 1H), 7.50 (d, J = 4.0 Hz, 2H),

7.4 – 7.25 (m, J = 7.4, 4.2 Hz, 1H), 3.59 (dt, J = 12.4, 6.3 Hz, 4H), 2.88 (t, J = 7.0
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Hz, 2H), 2.29 (s, 3H), 1.93 – 1.77 (m, 2H), 1.62 – 1.56 (m, 2H), 1.53 – 1.44 (m,
4H) ppm

2-((6-mercaptohexylamino)methyl)phenylboronic acid (1a)

Compound 5 (9.1 mg, 0.029 mmol) was dissolved in anhydrous methanol (1 mL)
and placed under a nitrogen atmosphere.

A solution of 1 M sodium

thiomethoxide dissolved in methanol (200 μL) was added, and the reaction was
stirred at room temperature for 60 min. The solution was placed in a separatory
funnel and 0.1 M hydrochloric acid (4 mL) was added. The solution was then
extracted with dichloromethane (2 x 5 mL), and the aqueous layer was then
collected and concentrated under reduced pressure. Reversed-phase column
chromatography with C18 silica gel and solvent elutions from 100%–0%
water/methanol afforded product 1a.
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2-(2-(Bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6)

2–(Bromomethyl)phenylboronic acid (410 mg, 1.91 mmol) was dissolved in
toluene (35 mL) followed by addition of 2,3-dimethyl-2,3-butanediol (271 mg,
2.29 mmol).

With water removal through a Dean – Stark trap the reaction

mixture was refluxed at 165 °C for 4 hrs. After cooling to rt, the solution was
extracted with water (35 mL) and the organic layer was collected. After removing
the solvent under reduced pressure, the resulting oil was extracted with
dichloromethane (40 mL) from water (40 mL). The organic layer was collected,
dried with anhydrous magnesium sulfate, filtered, and the solvent was removed.
Compound 6 was obtained as a clear oil (534.7 mg, 94%) with no further
purification.

1

H NMR (250 MHz, CDCl3) δ 7.72 (d, J = 7.5 Hz, 1H), 7.29 – 7.24 (m, 2H), 7.19 –

7.16 (m, 1H), 4.81 (s, 2H), 1.24 (s, 12H) ppm HRMS [M+ H]+ calcd: 296.0583,
found: 296.0612
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2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (7)

O
B

O
H

O

2–Formylphenylboronic acid (433 mg, 2.89 mmol) was dissolved in benzene (30
mL) followed by addition of 2,3-dimethyl-2,3-butanediol (375 mg, 3.17 mmol).
With water removal through a Dean – Stark trap the reaction mixture was
refluxed at 110 °C for 4 hrs. After cooling to rt, the solvent was removed, and
compound 7 was obtained as a clear oil (626.7 mg, 94%) with no further
purification.

1

H NMR (250 MHz, CDCl3) δ 10.55 (s, 1H), 7.94 (d, 1H), 7.85 (d, 1H), 7.57 –

7.52 (m, 2H), 1.38 (s, 12H) ppm HRMS [M+ H]+ calcd: 232.1271, found: 232.1783
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tert-butyl 6-(tert-butyldiphenylsilyloxy)hexyl(methyl)carbamate (8)

6-(Methylamino)-1-hexanol

(301

mg,

2.29

tetrahydrofuran (10 mL) and cooled to 0 °C.

mmol)

was

dissolved

in

Next, di-tert-butyl bicarbonate

(550.7 mg, 2.50 mmol) was dissolved in tetrahydrofuran (5 mL) and added
dropwise to the solution over 15 min at 0 °C. The reaction mixture was allowed
to stir overnight while warming to rt. Column chromatography with silica gel and
a gradient solvent system of 50% ethyl acetate/hexanes yielded the Boc–
protected amine. This was then dissolved in N,N-dimethylformamide (9 mL) and
cooled to 0 °C. Imidazole (221 mg, 3.25 mmol) was added, followed by addition
of tert-butyldiphenylsilyl chloride (629 μL, 2.38 mmol) dissolved in N,Ndimethylfomamide (3 mL) at 0 °C.

The reaction mixture was allowed to stir

overnight while warming to rt. Column chromatography with silica gel and a
gradient solvent system of 20% ethyl acetate/hexanes yielded compound 8
(793.5 mg, 78%) as a clear oil.
1

H NMR (250 MHz, CDCl3) δ 7.66 (d, 4H), 7.39 – 7.36 (m, 6H), 3.69 – 3.63 (t, J =

6.4 Hz, 2H), 3.19 – 3.14 (t, J = 7.1 Hz, 2H), 2.81 (s, 3H), 1.54 – 1.49 (m, 4H),
1.44 (s, 9H), 1.36 – 1.22 (m, 4H), 1.05 (s, 9H) ppm
HRMS [M+ H]+ calcd: 469.3012, found: 469.3044
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6-(tert-butyldiphenylsilyloxy)-N-methylhexan-1-amine (9)

Compound 8 (503.8 mg, 1.072 mmol) was dissolved in dichloromethane (4 mL).
Trifluoroacetic acid (4 mL) was then added dropwise to the stirring solution. The
solution was allowed to stir at rt for 4 hrs while being tracked by thin-layer
chromatography. Once the reaction was complete, the solvent was removed
under reduced pressure, and the resulting trifluoroacetate–ammonium salt was
extracted with dichloromethane (15 mL) and 2 M sodium hydroxide (15 mL). The
organic layer was collected, and the aqueous layer was once again washed with
dichloromethane (2 x 15 mL). The organic layers were combined, dried with
anhydrous magnesium sulfate, filtered, and the solvent was removed to obtain
compound 9 as a clear oil (364.7 mg, 94%).

1

H NMR (250 MHz, CDCl3) δ 7.71 (d, 4H), 7.40 – 7.31 (m, 6H), 4.09 (s, 1H), 3.53

(t, J = 6.4 Hz, 2H), 2.56 (t, J = 5.4 Hz 2H), 2.34 (s, 3H), 1.45 (m, 4H), 1.25 (m,
4H), 1.05 (s, 9H) HRMS [M+ H]+ calcd: 369.2488, found: 369.2523
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6-((2-bromobenzyl)(methyl)amino)hexan-1-ol (10)

To a stirred solution 6-(Methylamino)-1-hexanol (250 mg, 1.91 mmol) in acetone
(20 mL), was added potassium carbonate (526 mg, 3.81 mmol) and sodium
iodide (314.02 mg, 2.095 mmol). The solution was then allowed to rise to 50 °C
before addition of 2-bromobenzyl bromide (477 mg, 1.91 mmol). The reaction
mixture was refluxed at 50 °C overnight. After cooling to room temperature, the
precipitate were filtered off and washed with acetone (2 x 20 mL).

Column

chromatography with silica gel and a gradient solvent system of 90%–100% ethyl
acetate/hexanes yielded compound 10 (489.5 mg, 86%) as a white solid.
1

H NMR (250 MHz, CDCl3) δ 7.49 (dd, J = 15.6, 7.8, 2H), 7.27 (t, 1H), 7.9 (t, J =

7.8, Hz, 1H), 3.63 – 3.56 (m, 4H), 2.42 (t, 2H), 2.22 (s, 3H), 1.93 (s, 1H), 1.63 –
1.45 (m, 4H), 1.35 (m, 4H) HRMS [M+ H]+ calcd: 299.0885, found: 299.0862
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N-(2-bromobenzyl)-6-(tert-butyldiphenylsilyloxy)-N-methylhexan-1-amine
(11)

Compound 10 (245 mg, 0.816 mmol) was dissolved in N,N-dimethylformamide (7
mL) and cooled to 0 °C. Imidazole (83.8 mg, 1.22 mmol) was added, followed by
addition of tert–butyldiphenylsilyl chloride (237 μL, 0.897 mmol) dissolved in N,Ndimethylfomamide (3 mL) at 0°C.

The reaction mixture was allowed to stir

overnight while warming to rt. Column chromatography with silica gel and a
solvent system of 30% ethyl acetate/hexanes yielded compound 8 (365 mg,
84%) as a white solid.
1

H NMR (250 MHz, CDCl3) δ 7.73 – 7.63 (m, 4H), 7.48 (ddd, J = 12.8, 6.5, 2.4

Hz, 2H), 7.42 – 7.31 (m, 6H), 7.24 (t, 1H), 7.06 (t, 1H), 3.65 (t, J = 6.4 Hz, 2H),
3.54 (s, 2H), 2.4 (t, J = 5.1 Hz 2H), 2.21 (s, 3H), 1.56 – 1.47 (m, 4H), 1.31 (m,
4H), 1.06 (s, 9H)
HRMS [M+ H]+ calcd: 537.2063, found: 537.2071
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S-6-((2-bromobenzyl)(methyl)amino)hexyl ethanethioate (12)

To a stirred solution of compound 10 (268.6 mg, 0.894 mmol) in dichloromethane
(6 mL) was added triethylamine (149 μL, 1.07 mmol). The solution was then
allowed to cool to 0 °C, and stirred for 15 minutes. Methanesulfonyl chloride was
then added (83 μL, 1.07 mmol) at 0 °C, and the reaction was stirred for 3 hrs
while warming to rt. Afterwards, the reaction mixture was added to a separatory
funnel and partitioned between dichloromethane (10 mL) and saturated sodium
bicarbonate (15 mL). The organic layer was collected, and the aqueous layer
was washed with dichloromethane (2 x 10 mL).

The organic layers were

combined and dried with anhydrous magnesium sulfate, filtered, and the solvent
was removed. The product from the previous step was then dissolved in N,Ndimethylformamide (5 mL). Potassium thioacetate (167.55 mg, 1.467 mmol) was
then added, causing the solution turn from clear to brown, and the reaction
mixture was refluxed at 100 °C overnight. Then the solvent was removed under
reduced pressure, and the resulting solid was extracted with dichloromethane (15
mL) and water (15 mL). After collecting the organic layer, the aqueous layer was
washed with dichloromethane (2 x 10 mL). The organic layers were combined
and dried with anhydrous magnesium sulfate, filtered, and the solvent was
38

removed. Column chromatography with silica gel and a gradient solvent system
of 75%–100% ethyl acetate/hexanes yielded 12 as a brown oil (185 mg, 57%).
1

H NMR (250 MHz, CDCl3) δ 7.49 (dd, J = 15.2, 7.8, 2H), 7.27 (t, 1H), 7.09 (t, J =

7.9, 1H), 3.55 (s, 2H), 2.85 (t, J = 7.3 Hz, 2H), 2.41 (t, J = 6.4 Hz, 2H), 2.30 (s,
3H), 2.22 (s, 3H), 1.59 – 1.49 (m, 4H), 1.41 – 1.27 (m, 4H) HRMS [M+ H]+ calcd:
357.0762, found: 357.0793
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